Attention deficit/hyperactivity disorder (ADHD) is a childhood-onset disorder characterized by marked inattention, hyperactivity and impulsivity. The dopaminergic system has been hypothesized to be involved in the development of ADHD. Positive associations have been found for the dopamine receptors D1 and D5 genes, suggesting that other genes involved in D1/D5 signalling may also contribute to ADHD. In this study, we tested the calcyon gene (DRD1IP), which encodes a brain-specific D1-interacting protein involved in D1/D5 receptors calcium signalling, for association with ADHD. The inheritance of nine polymorphisms in the calcyon gene was examined in a sample of 215 nuclear families, with 260 affected children, using the transmission/disequilibrium test. The most common haplotype, designated C1, demonstrated significant evidence for excess transmission. Quantitative trait analyses of this haplotype showed significant relationships with both the inattentive (parent's rating, P ¼ 0.006; teacher's rating, P ¼ 0.003) and hyperactive/impulsive (parent's rating, P ¼ 0.004) dimensions of the disorder. Two of the nine marker alleles included in haplotype C1, rs4838721A located B10 kb 5 0 of the gene and rs2275723C located 10 bp upstream of the exon 5 acceptor splice site, also showed significant evidence for association when analysed individually. As these two variants are not predicted to alter calcyon function, we screened the gene exons by sequencing. No variation in the coding region was identified, suggesting that a causal variant allele resides elsewhere in a regulatory sequence of the gene. These findings support the proposed involvement of the calcyon gene in ADHD and implicate haplotype C1 as containing a risk allele.
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Further support for an association of the DRD1 gene has been reported by Bobb et al 12 in a case-control study. They found a significantly higher frequency of the rs4532C and rs265981A marker alleles, which are also included in Misener et al's overtransmitted haplotype. The same group did not replicate these findings in a family-based study of 82 trios and 28 parent-child pairs 12 and Kirley et al 13 did not observe preferential transmission of rs265981 alleles in an Irish sample of 118 trios. However, the two negative family-based association studies may have been underpowered due to smaller sample sizes and by the analysis of individual markers instead of haplotypes.
The dopamine receptors D1 and D5 belong to the D1-like family of dopamine receptors. In the brain, the D1-like receptors are known to couple to the G a(s) -like proteins, thereby activating adenylyl cyclase activity. 14 In addition, there is also accumulating evidence suggesting that D1 agonists can induce an increase in inositol 1,4,5-trisphosphate (IP3) turnover and intracellular calcium (Ca 2 þ ) release. 15, 16 The D1 receptors have been implicated in various brain functions, such as motor control, 17, 18 reward and reinforcement mechanisms, 19 and cognitive processes including working memory, 20 all of which are thought to be involved in symptoms of ADHD. 21 Also, nullizigous DRD1 mice show increased spontaneous locomotor activity and impairment of spatial learning. 22, 23 The dopamine receptor D5 shares a high degree of sequence homology with D1, although its expression pattern is different. 24, 25 The specific function of D5 has been difficult to characterize due to its overlapping pharmacological properties with D1, but studies of nullizygous DRD5 mice have suggested that D5 also exerts actions on spontaneous motor activity. 26, 27 On the basis of the evidence supporting D1/D5 signalling dysfunction in symptoms of ADHD, we hypothesized that other genes modulating D1/D5 signalling may also contribute to the genetic susceptibility to ADHD. One such gene is DRD1IP, which encodes a brain-specific protein, calcyon, that has been shown to interact specifically with D1. 28 Calcyon is a single-pass transmembrane protein thought to play an important role in D1-like receptor Ca 2 þ signalling. After initial activation of a heterologous G q -linked G-protein-coupled receptor, calcyon enables D1-like receptors to switch from a G s to a G q coupling, leading to the stimulation of IP3 turnover and to the release of intracellular Ca 2 þ . 29 Calcyon mRNA is abundantly expressed in areas of the prefrontal cortex, the striatum, the hippocampus, the basal ganglia and the hypothalamus, regions that also express D1 and/or D5. 30, 31 Support for a role of calcyon in the aetiology of ADHD comes from a genome-wide scan. 32 The calcyon gene coincides with one of the highest positive linkage sites identified by that screen, at chromosome 10q26. It is also notable that some patients with terminal or interstitial deletions involving chromosome bands 10q25.2-26 have a recognizable phenotype including, in some patients, learning difficulties and behavioural problems of aggression and hyperactivity. 33, 34 In this study, we set out to investigate the calcyon gene (DRD1IP) in ADHD. We have genotyped a total of 11 polymorphisms across the calcyon gene region in a large clinically ascertained sample of ADHD probands and their immediate families. We looked for association of specific alleles or haplotypes using the transmission/disequilibrium test (TDT), which tests for biased transmission from heterozygous parents to affected offspring. Both categorical and quantitative trait applications of the TDT were used.
Materials and methods

Study sample
The study sample was comprised of 215 nuclear families from the Toronto area, including 45 affected siblings of the probands. This gave a total of 260 affected children (211 boys and 49 girls), between the ages of 7 and 16 years. The majority of the families reported their ethnic background to be of European Caucasian descent, while 10% of families were of other or mixed background, including Chinese, African, Indian and Native-Americans. The sample consists of 162 families in which both parents were genotyped and 53 families in which a single parent was genotyped. The distribution of the affected children among the three DSM-IV ADHD subtypes was 14% of the predominantly hyperactive/impulsive subtype, 27% of the predominantly inattentive subtype and 59% of the combined subtype.
Diagnostic assessment of ADHD Probands and affected siblings were referred to the Child Development and Neuropsychiatry Clinics at the Hospital for Sick Children, Toronto, and met DSM-IV criteria for ADHD. Diagnosis was based on information from semistructured interviews of parents (Parent Interview for Child Symptoms, PICS-IV) 35 and teachers (Teacher Telephone Interview, TTI-IV), 36 and from the following standardized questionnaires and assessments: Conners Parent and Teacher Rating Scales-Revised, 37 Ontario Child Health Survey Scales-Revised, 38 Wide-Range Achievement Test-Revision 3, 39 Clinical Evaluation of Language Fundamentals, 3rd Edition, 40 Children's Depression Inventory 41 and Children's Manifest Anxiety Scale. 42 Children who scored below 80 on both the Performance and Verbal Scales of the WISC-III (Weschler Intelligence Scale for Children, 3rd Edition) 43 were excluded from the study, as were children who exhibited neurological or chronic medical illness, Tourette syndrome, chronic multiple tics, bipolar affective disorder, psychotic symptoms or other anxiety, depressive or developmental disorders that might account for their behaviour. All children were free of medication for 24 h before assessment. This protocol was approved by the Hospital for Sick Children's Research Ethics Board and informed written consent was obtained for all participants.
Information on ADHD symptoms, used in the quantitative analyses, was obtained using semistructured interviews for parents (PICS-IV) 35 and teachers (TTI-IV). 36 Using these instruments, symptom scores for the nine criteria, specified by the DSM-IV for each dimension, were tallied. In our study sample, parentreported symptom scores range from 0 to 9 for both hyperactive/impulsive (mean ¼ 5.5772.28) or inattentive (mean ¼ 5.7772.03) behaviour. The corresponding teacher-reported scores also range from 0 to 9 (mean ¼ 4.3172.77 and 5.3272.17, respectively).
Genotyping DNA was extracted from blood lymphocytes using a standard high salt extraction method. 44 A total of 11 single nucleotide polymorphisms (SNPs) were genotyped using the ABI 7900-HT Sequence Detection System s (Applied Biosystems) and TaqMan 5 0 nuclease assays for allelic discrimination. 45 Primer and probe sequences, as well as annealing temperatures, are available online in Supplementary material. The PCR reactions (5-10 ml) contained 30-60 ng of genomic DNA, 10 mM of TaqMan s Universal PCR Master Mix and 0.094-0.125 ml of allelic discrimination mix (Applied Biosystems). The thermal cycling conditions were 951C for 10 min and 40-60 cycles of 951C for 15 s and the annealing temperature (58-611C) for 1 min.
Sequencing
Amplifications of the six exons of the calcyon gene were carried out with 60 ng of genomic DNA, supplemented with 1.5 mM MgSO 4 , 1 Â PCR Enhancer solution (Invitrogen Corporation) and the PCR buffer provided for 35 cycles of 951C, 30 s; annealing temperature, 30 s and 721C, 1 min. Primer sequence and annealing temperatures are available online in Supplementary material. Amplification products were sequenced using the Big Dye Terminator v3.0 Cycle Sequencing System (Applied Biosystems). Sequences were analysed using the ContigExpress program provided in the Vector NTI Advance 9.0 software package (Invitrogen Corporation).
Statistical analysis
For the analysis of ADHD as a categorical trait, the extended TDT program (ETDT) was used to test for biased transmission of individual marker alleles. 46 Transmission of haplotypes was analysed with the TRANSMIT program, using the robust estimator of variance option. 47 Quantitative trait TDT analyses, examining transmission of individual alleles or haplotypes in relation to inattentive and hyperactive symptom scores (see Diagnostic Assessment of ADHD) were carried out using the FBAT program v1.4.1, with the additive model of inheritance. 48 The coefficients of linkage disequilibrium (LD) between marker alleles, D 2 and D 0 , were calculated using Haploview v2.03 (http://www.broad.mit.edu/personal/jcbarret/haploview/index.php). All markers were in Hardy-Weinberg equilibrium. Two-sided P-values were used for all results. Permutation testing was performed for haplotype analysis with PDTPHASE v2.403. 49 Our analysis of quantitative traits is not corrected for multiple tests as these are secondary analyses based on our findings from the categorical analyses.
Results
In this study, we investigated the relationship of the calcyon gene (DRD1IP) to ADHD by examining a total of 11 calcyon polymorphisms in a sample of 215 nuclear families ascertained through an ADHD proband. We initially selected six biallelic markers (SNPs) spanning the gene from public databases. Among these SNPs, four are found in intronic regions (rs10857701 and rs11101694 in intron 1; rs2298122 in intron 2 and rs2275723 in intron 4) and two reside either in the 5 0 region (rs4838721) or 3 0 region (rs12244716), both more than 10 kb from the gene (see Figure 1) . We then sequenced the six exons of the gene in a subset of the sample (39 probands) in a search for functional variants. We did not find any DNA changes in the coding sequence of the gene, although we did identify five additional polymorphisms in noncoding sequences: Calc-189 in the Table 1 . Except for Calc4801 and Calc4510, which show low minor allele frequencies of 0.001, both the initially selected SNPs and the SNPs identified by sequencing were used in the association tests.
We tested for biased transmission of the alleles at each polymorphism using the TDT statistic 50 calculated by the ETDT program. The TDT was significant for two polymorphisms, rs4838721 (w 2 ¼ 4.742 1df P ¼ 0.030) and rs2275723 (w 2 ¼ 4.267 1df P ¼ 0.039) ( Table 1) . Consistent with the relatively high degree of linkage disequilibrium observed across the calcyon gene (Table 2) , only a few haplotypes are common in our sample (Table 3 ). The most common haplotype, designated C1, was observed at a frequency of 75.4%, followed by haplotypes observed at frequencies of 8.0, 5.1, 3.7, 2.9 and 2.2% (designated C2, C3, C4, C5 and C6, respectively). As shown in Table 3 , TDT analysis of haplotypes using the TRANSMIT program revealed significant evidence for overtransmission of haplotype C1 (w 2 ¼ 8.434 1, df P ¼ 0.004). Haplotypes C2 and C6 showed some evidence for undertransmission (w 2 ¼ 3.634, 1 df P ¼ 0.056 and w 2 ¼ 3.659, 1 df P ¼ 0.056, respectively). However, these last results did not reach statistical significance and should be interpreted cautiously since the number of informative transmissions involved is low for these haplotypes. The global test of association for haplotypes with a frequency greater than 5% yielded a w 2 of 8.984 (3 df; P ¼ 0.030). We also analysed the haplotypes using permutation testing in the program PDTPHASE v2.403 49 to correct for the use of multiple markers while taking into account the correlation between markers. The adjusted global significance value from 10 000 permutations was P ¼ 0.036.
We then investigated the two dimensions of ADHD as quantitative traits. We used the FBAT program to examine the transmission of individual alleles or haplotypes in relation to DSM-IV inattentive or hyperactive/impulsive symptom counts ascertained through interviews with both parents (PICS-IV) and teachers (TTI-IV). These analyses showed that both dimensions are significantly associated with the same haplotypes and polymorphisms identified in the categorical analysis (Tables 4 and 5 ). Positive relationships were observed between haplotype C1 and both dimensions of the disorder as reported by parents (hyperactive/impulsive symptoms, P ¼ 0.004 and inattentive symptoms, P ¼ 0.006) and the inattentive symptom scores as reported by teachers (P ¼ 0.003). The association between haplotype C1 and the teacher's rating for hyperactive/impulsive behaviour also nearly reached significance (P ¼ 0.054). Haplotypes C2 and C6 showed negative relationships with the same symptom scores, although we note again that those results are based on a small number of informative transmissions.
Discussion
In the present genetic study of ADHD, we investigated the calcyon gene (DRD1IP), which encodes a D1-interacting protein thought to be important for D1/D5-mediated Ca 2 þ signalling in the brain. In our study sample of 215 nuclear families, we observed the preferential transmission of the most common calcyon haplotype, designated C1. Biased transmission of two of the individual alleles included in this haplotype was also observed. We conducted analyses of allele and haplotype transmission in relation to symptom scores for inattentive and hyperactive/ impulsive behaviours. These results implicate haplotype C1 and the same two markers as being involved in both dimensions of the disorder.
As noted above, two of the nine marker alleles that make up the ADHD-associated haplotype C1 also showed significant evidence for association when analysed individually. The rs4838721 SNP is located 10 kb upstream of the calcyon gene, in the first intron of a neighbouring gene, the proline-rich acidic protein 1 (PRAP1). The function of this gene is unknown, but it is specifically expressed in the pregnant uterus and in the proximal small intestine in mouse and rat, and is not expressed in the brain. 51 The other positive SNP, rs2275723, is located 10 bp upstream of the calcyon intron 4-exon 5 junction. Although it does not alter the acceptor splicing site sequence, we cannot exclude the possibility that it has an effect on the splicing process. Given the available evidence, it seems more likely, however, that these two variants are in linkage disequilibrium with a putative risk factor for ADHD, rather than being causal variants themselves.
To date, only two SNPs have been reported in the coding sequence of the calcyon gene (rs11550438 in exon 4 and rs12761321 in exon 5). However, both are synonymous changes and neither was identified in the 78 chromosomes sequenced in this study. In our sequencing screen of the calcyon exons, no variations were identified in the exonic sequence. We did, however, find five variants in the promoter region, intronic or intergenic sequences in a few individuals. None of these is currently listed in public databases (dbSNP, http://www.ncbi.nlm.nih.gov/SNP, 52 HapMap Project, http://www.hapmap.org 53 or UCSC Genome Browser, http://genome.ucsc.edu), although one variant (hCV25595220) was found in the list of available TaqMan s SNP Genotyping Assays from Applied Biosystems. Those variants are not predicted to appreciably alter calcyon function or regulation. Three of those five SNPs were found at a high enough frequency (minor allele frequency40.02) to be useful for TDT analysis. No significant evidence for biased transmission of any of these individual alleles was observed. Thus, we hypothesize that a haplotype C1-associated functional risk variant for ADHD remains to be identified. ADHD is considered to be a dimensional disorder, with symptoms of inattention and hyperactivity/ impulsivity expressed to varying extents. Twin studies have shown that symptoms for either inattention or hyperactivity/impulsivity, whether rated by parents or teacher, are highly heritable. 54 Common genes, as well as specific genes, are thought to underlie the expression of these two behavioural dimensions. 54 In the present study, our quantitative TDT findings for the calcyon gene show a higher degree of similarity between the analyses of parent and teacher ratings of inattentive behaviours than between the corresponding analyses of hyperactive/impulsive behaviours. The significance of this is unclear, although we note that only moderate genetic correlations between raters has been suggested by twin studies, 55, 56 and it is thought that this may be due to different sets of genes underlying what is observed and reported by the two informants. 57 Thus, the use of different raters, by providing supplementary information, should be valuable in elucidating the complex genotype/phenotype relationships in ADHD. Here, the positive association of haplotype C1 with the hyperactive/ impulsive symptoms as rated by parents (P ¼ 0.004) and the observation of a trend towards an association with the corresponding teacher rating (P ¼ 0.054), in addition to the positive relationships with inattentive symptoms (P ¼ 0.006 and P ¼ 0.003, respectively), suggests that the calcyon gene may contribute to both deficits in motor control, as well as cognitive processes that modulate attention and vigilance.
In our previous association study of DRD1, significant relationships were found between one DRD1 haplotype and inattentive symptom scores as reported by parents or teachers (P ¼ 0.008 and P ¼ 0.045, respectively) but not with hyperactive/impulsive scores (P ¼ 0.266 and P ¼ 0.259, respectively). 11 In addition, another study has suggested that the 148 bp allele of a microsatellite marker located 18.5 kb from the DRD5 gene may be associated primarily with the inattentive and combined subtypes (rather than the hyperactive/impulsive subtype) of ADHD. 10 Thus, it seems that the influence of the DRD1, DRD5 and calcyon genes on the expression of ADHD symptoms does not overlap completely, although we acknowledge that replication studies are still needed for the DRD1 and calcyon genes, and that quantitative analysis of the 148 bp variant of DRD5 may give more definitive conclusions.
Although the dopaminergic system has been the focus of a great number of association studies, current models of ADHD support a dysregulation of multiple neurotransmitter systems. The presence of calcyon mRNA in brain regions not known to express D1 or D5 receptors suggests the possibility that calcyon interacts with other receptors/signalling proteins and modulates other intracellular signal transduction pathways in addition to D1/D5. Calcyon has been proposed to serve as a crosstalk regulatory protein involved in the coordination of signalling by multiple neurotransmitters. 28 It has been shown that stimulation of G q -coupled receptors, including adrenoceptors and glutamate, serotonin and muscarinic acetylcholine receptors, is required for calcyon to enable D1-like receptor Ca 2 þ signalling. 58 In conclusion, the results from the present study further suggest the involvement of D1/D5 signalling modulation in symptoms of ADHD and implicate the calcyon gene as a risk factor in the development of the disorder. This is the first reported association study of the calcyon gene in ADHD. Future replication in an independent study sample would provide valuable support for our results.
